In this paper we discuss the role of input flow to control the dynamics of air bubbles carried by water in a snake micro-mixer. In particular it was proved the importance of flow rate magnitude and frequency to accomplish the desiderated bubbles' flow dynamics. Time series coming from microfluidic experimentation were analyzed by means of nonlinear measures (Largest Lyapunov exponent and divergence analysis) in order to obtain quantitative indicators of nonlinearity allowing the classification among different flow patterns.
INTRODUCTION
The manipulation of small amount of fluids in channels with dimension of tens of micrometers is emerged as a new promising technology. It is well known that the understanding of microfluidic processes will bring a great benefit to disciplines involved in chemical synthesis and biological analysis for the high control of concentration of molecules in space and time (Whitesides, 2006) .
Furthermore the study of two-phase flow in microfluidics as bubbles' and droplets' flows, is significant for the emulsion science and other related fields: pharmaceutical, cosmetic and food industries (Griffiths et al., 2006) (Nguyen et al, 2006) . Also it has been proved that mixing and reaction times between substances could efficiently improve inside droplets (Bringer et al., 2004) or between bubbles (Mao et al., 2010) with no sample dispersion.
Considering the case of two-phase flow driven by constant input stream, a great effort has been done focusing the attention on transitional regimes and on the characteristics of the dispersed phase (Dreyfus et al., 2003) . The main aim was to create dynamical model for the control of these high nonlinear processes. In particular the patterns' formation is affected by several parameters (geometry and material of the microchannel, properties and flow rate of the fluid, etc...). One of the most important is the inner surface characteristics of microchannels (wettability) that can control the shape of bubbles or droplets (Dreyfus et al., 2003) . Moreover the conditions for monosdispersity and polydispersity were investigated to have the desiderated foam topology. It was proved that coupling two microfluidic droplets' emitters complex dynamical behaviours were possible (Barbier et al., 2006) and these were associated to the foam topology. On the other hand, the study of immiscible two phase flow driven by periodic forcing is at an early stage. A recent work of Willaime et al. (2006) shows experimentally how local periodic forcing may give rise to syncronized and quasiperiodic regimes of droplets' flow, organized into Arnold tongues. In this contest it is evident that patterns' formation is strongly influenced by input flow rate, and so they play a key role on process dynamics (Joanicot et al. 2005) .
Microfluidic two-phase flow systems can be clearly considered as nonlinear dynamical systems (Willaime et al. 2006 ) (Barbier et al., 2006) (Raven et al., 2006) (Schembri et al., 2010) (Schembri et al., 2011) and this work shows through experimental measurements how the characteristic of the input forcing can affect the dynamics of bubbles in a snake microchannel. Thus the present study aims to exploit the theoretical approach of nonlinear dynamical system for the classification respect to input parameters (flow rate amplitude and frequency) of bubbles' dynamics carried by water. Important dimensionless microfluidic parameters (Capillary number and Air Fraction) are connected to nonlinear indicators as Largest Lyapunov exponent and dinfinite extracted from time series representative of the bubble flows.
The experimental set-up and the experimentation are described in section 2. Meanwhile in section 3 and 4 the time series analysis and the results are respectively discussed.
EXPERIMENTAL SYSTEM

Microfluidic System and Experimental Setup
The snake micro-channel used in this work is made in COC (Cyclic Olefin Copolymer) and it has width and depth of 640 µm, and internal radius of curvature of 1.2 mm ( Fig. 1 (a) ). Two different pumps were used: syringe pumps (Cetoni, Nemesys) and micro-diaphragm pumps (TPS1304, Thinxxs). The syringe pumps produce constant flow rate V c (Setup 1, Fig. 1. (b) ) while the diaphragm pumps lead to periodic flow rate V f by setting the piezo-actuator frequency f and the mean value of the flow rate <V f > (Setup 2, Fig. 1. (b) ). Experiments were conducted using deionized water and air.
The micrometric size of the microfluidic system requires an optical instrumentation for image magnification. In this work an ad hoc electro optical system with a magnification factor of x20 was used. A cold light source (Olympus lamp kl 1500) transilluminated the transparent micro-channel. This optical system allows a parallel acquisition of the light intensity variation, in a well defined area of the micro-channel of 640 µm x 935 µm (see Fig. 1(a) ), through a CCD system and a photo-diode based circuit that was employed to convert light intensity variations due to bubble's passage to voltage signals. Then the electric signals were acquired as a time series for successive PC based analysis. A schematic view of the experimental setup is shown in Fig. 1. (b) . The time series coming from the microfluidic experimentations were filtered with a low pass filter (fcut= 40 Hz for periodic flow rate and fcut= 100 Hz for constant flow rate) and a Notch filter (fcut= 50 Hz) to avoid unwanted components due to environmental light and electric noise.
Dimensionless Parameters in Two-Phase Flow
In two-phase microfluidics the capillary number (1) and the sample fraction (2) are meaningful parameters because they establish the formation of droplets and bubbles and so the flow patterns in micro-channels (Nguyen et al, 2006) :
where u is the average velocity between the carrier fluid (water) and the dispersed phase (air), υ is the viscosity of the fluid, σ the surface tension, and V the volumetric flow rate. The sample fraction in the case here presented is referred as Air Fraction (AF) because in the experimentation are involved only water and air.
In the case studied the Ca number and AF were investigated as parameters that affects the bubbles dynamics in the serpentine micro-mixer. The particular relationship between Ca versus the frequency of the inlet flow (air or water) for the periodic input flow is reported in the graphs of Fig. 2 .
Experimental Campaigns
Two experimental campaigns were designed (Table 1) . Each campaign contains a total of 28 experiments. In particular the campaign-1 (water fixed) consists of :
• The inlet flows were constantly driven by syringe pumps (Setup-1, Fig. 1. (b) ). We performed 14 experiments in which water flow rate was fixed V 0_water = 1.57 ml/min and air flow rate V air_c was increased;
• The inlet flows were periodically driven by diaphragm pumps (Setup-2, Fig. 1. (b) ). We performed 14 experiments in which water flow rate was fixed (V water_f =1.57 ml/min, f water =5 Hz) and air flow rate V air_f was increased both in amplitude as well as in frequency;
The amplitude of the inlet flows was assumed as follow <V f >=V c . The second experimental campaign follows the same scheme of the first one but in this case (Table 1, campaign-2) vice versa the air flow rate was fixed for both constant and periodic input flow rate and water flow rate was increased. All the time series have been acquired for a time window of 20 seconds.
An example of the obtained experimental time series in a time period of 2 s when the inlet flow rates are both constant is shown in Fig. 3 (a) . If it is applied a periodicity in the input flow so that f air = f water =5 Hz the dynamics of air bubbles change significantly as show in Fig. 3 (b) . It is clear the differences in their dynamics looking at the associated power Fourier spectra (Fig. 4) : a broad band spectrum centred at 32 Hz and 70 Hz for the constant flow ( Fig. 4 (a) ) and a succession of discrete peaks at multiple values of 5 Hz for the periodic flow (f air = f water = 5 Hz) (Fig. 4 (b) ).
NONLINEAR TIME SERIES ANALYSIS
Nonlinear time series analysis has been used to capture significant information on the micro-flow experimental time series (Kants et al., 2004) in order to quantify the complex dynamics of bubbles in terms of largest Lyapunov exponent Preprints of the 18th IFAC World Congress Milano (Italy) August 28 -September 2, 2011 (Kants et al., 2004 ) and d-infinite parameter (Bonasera et al., 2003) .
In this context we give a brief explanation of the used nonlinear indicators and in particular the connection between largest Lyapunov exponent and d-infinite. 
Fig. 2. Characteristic curve of (a) Capillary number vs air frequency (b) Capillary number vs water frequency.
The relationship between Largest Lyapunov exponent λ and the divergence of j th pair of nearest neighbours from a time series can be represented by the following relation (Rosenstain et al., 1992) :
where λ is the largest Lyapunov exponent and C j is the initial separation between trajectories, i is the discrete time step and ∆t the sampling period of the time series. The largest Lyapunov exponents are fully representative of the sensitivity to initial condition (stretching phase) of a given nonlinear dynamical system, being positive for chaotic behaviours. Often it is sufficient to establish the existence of at least one positive Lyapunov exponent to define chaotic dynamics (Kants et al., 2004) .
After sufficient time step the diverging curve saturates since the folding process takes place keeping all the trajectories bounded in the phase space. Thus taking into account the evolution of the first order expansion of d j (i) and adding a second order term representative of the folding process, the asymptotic value d ∞ is defined as the non null fixed point (4)
of the following equation (Bonasera et al., 2003) (5):
Where Λ and Γ and represent respectively e λ (strecthing factor) and the coefficient of the second order correction term related to folding effect.
Thus the Largest Lyapunov exponent quantify the level of nonlinearity in the dynamical system while the d-infinite (d ∞ ) is sensible of both stretching and folding mechanism (equation 4) so it is not only a complementary measure to maximal Lyapunov exponent but also a robust parameter for time series corrupted by noise.
In the case here considered the d ∞ has been calculated from the asymptotic value of the logarithm of the stretching factor d j (Rosenstain et al., 1992) : (6) with N=600 and M=800 (for a total of 800 iterations in time) and in the following we consider its absolute value, while the Largest Lyapunov exponent has been estimated from the finite size Lyapunov exponent calculation of Aurell et al.: ( ) ( )
Where T is the predictability time, δ the initial errors, and ∆ our tolerance.
Moreover the state space reconstruction has been performed by the method of delays giving a geometrical identification of the microfluidic dynamics. All the nonlinear parameters have been calculated by means of the software TISEAN (Hegger et al., 1999) .
A surrogate data test has been then applied to check the validity of the nonlinear analysis. The nonlinear measures are computed, as a control, from surrogate time series (T. Schreiber and A. Schmitz, 1996) with the same Fourier amplitudes and the distribution of values of the original data. An example of surrogate time series and its spectrum for V c_air =1.2 ml/min and V c_water =1.57 ml/min is shown in Fig. 5 (a-b). For this time series the absolute value of d ∞ is equal to 1.54 for an embedding dimension of 7, indicating a lower nonlinearity respect to the original time series (d ∞ =0.20, embedding dimension=4) looking at both the rising slope and the asymptotic value of the dj curves (see Fig. 5 (c)) (Sapuppo et al., 2006 
RESULTS
In detail the results for the experimental campaign-1 are show in Fig. 6 . The largest Lyapunov exponents associated to constant and periodic flow versus the capillary number seems to have the same periodicity: point C and D, E and F in Fig. 6 (a). The mean value of the d-infinite parameter for the input constant flow is ~ 0.89 while for the periodic flow is ~ 3.08.
In the second experimental campaign (campaign-2) the largest Lyapunov exponents present the same trend for capillary number between ~ 0.0075 and ~ 0.0150, while for Ca>0.0150 the two graphs in Fig. 7 (a) seem to be specular. The mean value of d-infinite for the constant flow is ~ 0.47 while ~ 2.23 for periodic flow rate. The jump indicates that the periodic forcing reduces of one order of magnitude the nonlinearity of the bubble micro-flow.
As first insight into the dynamics of the flow we notice that the Largest Lyapunov exponents from the time series of the experimentation with constant flow rate, present the highest values (green triangles in Fig. 6 (a) and blue rhombus in Fig.  7 (a) ), at the same time the d-infinite parameters approach to the lowest values (green triangles in Fig. 6 (b) and blue rhombus Fig. 7 (b) ).
In order to capture by visual inspection the differences between the evolution of bubbles' flow over time when the input flow is constant or periodic and varying the carrier flow (water) or the dispersed phase (air) a gallery of attractors reconstructed from the experimental time series are here presented. In Fig. 6 the attractors A, C, and E are associated to constant flow rate while B, D and F are reconstructed attractors for the periodic flow. They have in common an internal lobe in their structure. In Fig. 7 the attractors associated to experimental campaign-2 do not have single internal lobe: A, C and E (Fig. 7 ) present a particular torus structures while B, D, and F (Fig. 7) might be considered as strange attractors. To compare the results of all campaigns in a unique representation, the Largest Lyapunov exponent and d-infinite were plotted versus the air fraction parameter (Fig. 8) because it permits to distinguish four clear region of nonlinearity: from periodic to constant flow and among them air fixed and water fixed experimentation. These results confirming that constant flow rate can lead to high nonlinear dynamics of bubble flow maintaining the same AF of the periodic flow rate.
Thus the role of the input flow rate is fundamental for the diversification of bubble flow dynamics. 
CONCLUSIONS
The presented results focus on experimental study of twophase micro-flow showing the influence of the input flow characteristics (constant or periodic flow) in the dynamical regime of bubbles' flow. This characterization points out on the possibility to use the Ca number and AF parameters to plan the experiments according to a desired dynamics beforehand and according to the application. In particular it was proved that high nonlinearity in bubble flow can be reached through constant flow rate while a periodic input could be used to introduce nonlinearity in a controlled manner so that the power Fourier spectrum can contains the desiderated frequency components. The results presented in this paper can be useful to control several application in microfluidics from an efficient sample mixing to improvements in the emulsions science. In order to achieve these important goals it will be necessary a complete study on bubble pattern characteristics. 
